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Abstract: I review the construction of Simplified Models for Dark Matter searches. After
discussing the philosophy and some simple examples, I turn the attention to the aspect of the
theoretical consistency and to the implications of the necessary extensions of these models.
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1 Introduction
Producing and studying the properties of the Dark Matter particles (DM) at the LHC is an
extremely exciting possibility, that would open the door to a new understanding of the interplay
between astrophysics, cosmology and particle physics. Essentially all the naturalness-inspired
scenarios can accommodate the presence of a good Dark Matter candidate: a neutral and very
long-lived particle that was copiously produced in the early universe and then lost thermal contact
with the SM (if it ever occurred) leaving a relic density ΩDM ∼ 0.26 of cold particles. The fact
that such a stable weakly interacting massive particle with a mass around the weak scale has
automatically a relic abundance close to the measured one is a remarkable property which is
often dubbed WIMP miracle. The LHC is a perfectly suited machine to look for this kind of
particles, and current bounds from ATLAS and CMS complement those from direct and indirect
searches.
A key task in these studies is that of choosing a theoretical framework to compare with data
and compare the results of different experiments. Given the plethora of particle physics models
beyond the SM providing a WIMP candidate, it is highly desirable to study the signatures of this
DM candidate in a model-independent way. In the early stages of the LHC, this was achieved by
means of the effective field theory approach (EFT). In this framework, the Standard Model (SM)
is complemented by a set of non renormalizable operators, that parametrize the interaction of
the DM particle with SM fields in terms of one effective scale Λ, and of the DM mass mχ [1]. The
EFT approach has proven to be very useful in the analysis of LHC Run I data [1–15], because
of the great advantage of giving bounds that are as model-independent as possible: for a given
choice of the spin of the DM particle, the number of operators that can couple it to the SM
and may give interesting signatures at the LHC is limited, for a fixed mass dimension. Since
direct and indirect detection of WIMPs, as well as WIMP production at the LHC, all require an
interaction of the WIMPs with the SM particles, and such an interaction may be generated by
the same operator, the EFT approach has the additional advantage of facilitating the analysis
of the correlations between the various kinds of experiments.
The important drawback of the EFT description is its intrinsic energy limitation. At energies
larger than some cutoff Λ, the contribution of higher dimension operators to the computation
of scattering amplitudes becomes comparable to the lower ones, signalling the breakdown of
perturbativity. More in particular, if the EFT is seen as the low energy limit of a theory with
a mediator of mass M which is above the energy scale probed by the experiment, the cutoff
is obtained as Λ2 ∼ M2/g2, where g is some combination of the coupling constants, and the
theory is valid up to a momentum exchange p2 . M2 ∼ Λ2, where we have assumed g ∼ 1. In
Direct and Indirect detection this constraint is typically satisfied thanks to the low velocity of
the incoming particle. On the other hand, the momentum exchanged in the partonic interactions
at the LHC is of order few TeV, larger than the values of Λ that can be excluded within the EFT
framework, making the na¨ıve EFT bounds unreliable except for values of the couplings close to
the perturbative bound g . 4pi [16–18]. In principle this does not mean that the EFT approach is
not useful. Recasting procedures can be adopted to re-derive bounds considering only a fraction
of the events in the simulation that correspond to those which fulfil the requirement on the
momentum [17, 19]. Clearly, the new bounds would be much weaker, but their simplicity still
suggests that they should not be disregarded.
Partly in response to the problems of EFTs, and partly inspired by their rich phenomeno-
logical implications, in more recent years the LHC community has turned its attention to the
tool-kit of simplified models. Such models are characterized by the most important state medi-
ating the interaction of the DM particle with the SM, as well as the DM particle itself (see for
example [14,20–24] for early proposals). Including the effect of the mediator’s propagator allows
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to avoid the energy limitation of the EFT, and simplified models are able to describe correctly
the full kinematics of DM production at the LHC, at the price of a moderately increased number
of parameters. As we are going to discuss below, the introduction of simplified models opens a
new set of possibilities compared to the simpler EFT approach, while opening at the same time
a set of new questions.
This paper is structured as follows. In Section 2 we are first going to describe the construction
of DM simplified models from a bottom-up approach, providing some examples in Section 3.
Then, in Section 4, we will point out the theoretical issues of such a construction, introducing
a second generation of simplified models that have gained a lot of attention in recent times.
Section 5 will contain our conclusions.
Thorough discussions about simplified DM models may be found in [25–30]. The second
generation models of Section 4 are discussed in [31,32].
2 Philosophy of simplified DM models
As in the case of the EFT, the idea behind simplified models is to provide a good representation
of possibly all realistic WIMP scenarios within the energy reach of the LHC, restricting to the
smallest possible set of benchmark models, each with the minimal number of free parameters.
Simplified models should be complete enough to give an accurate description of the physics at
the scale probed by colliders, but at the same time they must have a limited number of new
states and parameters.
The starting point is always the SM Lagrangian, complemented with a DM particle and
a mediator that couples to it, through renormalizable operators, to quarks and gluons, which
is necessary for the production of these states at a hadron collider. A coupling to other SM
particles can be included as well and will add interesting experimental signatures to the model.
In general, some simplifying assumptions can be made: for example, one can take all couplings to
be equal, or the couplings to third generation’s quarks to be dominant. Interactions that violate
the accidental global symmetries of the SM must be handled with great care. Indeed, constraints
on processes that violate these symmetries are typically very strong, and may overcome those
coming from DM searches or even rule out all of the interesting parameter space of the simplified
model. For this reason, CP, lepton number and baryon number conservation is typically assumed,
together with Minimal Flavour Violation (MFV).1 Even with this assumption, there are cases
in which constraints from flavour physics may be stronger than those coming from mono-X
searches [34] (see also [35] for a discussion of a non-minimally flavour violating dark sector).
Most simplified models of interest may be understood as the limit of a more general new-
physics scenario, where all new states but a few are integrated out because they have a mass larger
than the energy scale reachable at the LHC or because they have no role in DM interactions with
the SM. Similarly, in the limit where the mass of the mediator is very large, the EFT framework
may be recovered by integrating out the mediator. On the contrary, there are new physics models
which cannot be recast in terms of vanilla simplified models, typically because more than just
one operator is active at the same time, possibly interfering with each other. The situation is
summarized in Fig. 1.
1 Constraints on BSM models from CP and flavour violating observables are very strong, and the energy scale
at which new physics may show up must be larger than tens of TeV in the best case, if the flavour structure of
the model is generic. Minimal Flavour Violation is a way to reconcile these constraints with possible new physics
at the TeV scale [33]. The basic idea is that the structure of flavour changing interactions must reproduce that
of the SM. The SM is invariant under the flavour group GF = SU(3)q × SU(3)u × SU(3)d, except from a small
breaking associated to the Yukawa matrices Yu and Yd. The invariance is restored if these matrices are regarded
as “spurions” with transformation law Yu ∼ (3, 3¯, 1) and Yd ∼ (3, 1, 3¯). Imposing MFV amounts to requiring that
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Figure 1: Left: a simplified model viewed as a sector of a more general new physics scenario. The SM is
complemented by the DM particle χ and a mediator Z′. Other heavy states X1, X2, X3, . . . may be integrated
out because they are very heavy. Centre: in the case in which the mediator Z′ itself has a very large mass, it
may be integrated out as well and the interaction is mediated by effective operators. Right: In a generic setup
the DM-SM interaction is mediated by a number of operators, possibly interfering with each other. Moreover,
additional states Y1, Y2, Y3, . . . that do not couple directly to DM may be present. Those states can constitute
a new handle on the dark sector, other than DM. The ‘less simplified’ models described in section 4 fall in this
category.
Even if this may sound obvious, we should stress that the correspondence between simplified
models and EFT is not one to one. Simplified models that involve mediators of different spin
nature may give rise to the same effective operator after a Fierz rotation, as pointed out in [19]
with the example of a Majorana DM particle embedded in a Z ′ model or a SUSY-inspired model
with coloured scalar mediators in the t-channel.
Even when a simple correspondence between the EFT and the simplified model is assumed,
limits on the EFT can not be readily translated onto the simplified model because of the possible
resonant enhancement (that would make the limit stronger) or the typically softer missing energy
spectrum (that would weaken the limit) [36]. Moreover, the different missing energy spectrum
may require ad hoc optimization strategy by the experimental searches, and considering media-
tors of different mass requires different optimization for each case. Finally, models with a heavy
mediator that would correspond to the EFT limit tend to predict a too large relic DM density
(assuming no deviation from the standard cosmological history and no states other than the SM
ones to annihilate into) and are therefore less appealing as a model of DM [37].
From the point of view of LHC searches, the enlarged physical spectrum and parameter
space of simplified models with respect to the EFT represents a challenge, and a greater variety
of search channels is involved. While within the EFT approach the mono-X searches hold the
stage, simplified models of DM can be constrained also with multi-jet + MET searches, with di-
jet and di-leptons resonance searches and many others, depending on the degree of sophistication
and on the ingredients of the model. Interestingly, many of these searches do not involve the
DM particle, but only the mediator, and constraints are often stronger than the mono-X ones.
On the other hand, the EFT is still a useful tool when dealing with strongly coupled theories,
where a description in terms of a perturbative simplified model is not viable [38,39].
new physics is invariant under GF .
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3 First generation of simplified models
3.1 s-channel mediators
We are now going to list a few examples of the simplified models of relevance for LHC searches,
starting with those that include a fermionic DM χ (which for now we assume to be a Dirac
spinor, but this is not necessary) and a mediator exchanged in the s-channel. The models under
consideration are the following:
LV ⊃ 1
2
m2V VµV
µ −mχχ¯χ− gχVµχ¯γµχ− gijq Vµq¯iγµqj , (3.1)
LA ⊃ 1
2
m2AAµA
µ −mχχ¯χ− gχAµχ¯γµγ5χ− gijq Aµq¯iγµγ5qj , (3.2)
for a spin-1 mediator and
LS ⊃ −1
2
m2SS
2 −mχχ¯χ− yχSχ¯χ− yijq Sq¯iqj + h.c. , (3.3)
LP ⊃ −1
2
m2PP
2 −mχχ¯χ− iyχPχ¯γ5χ− iyijq P q¯iγ5qj + h.c. . (3.4)
for a spin-0 mediator, where V,A, S, P stand for a vector, axial-vector, scalar, or a pseudo-scalar
mediator respectively, q = u, d and i, j = 1, 2, 3 are flavour indices. In the heavy mmed limit, the
mediators can be integrated out, recovering the effective operators
D1 :
mq
Λ3
χ¯χ q¯q D4 :
mq
Λ3
χ¯γ5χ q¯γ5q
D5 :
1
Λ2
χ¯γµχ q¯γµq D8 :
1
Λ2
χ¯γµγ
5χ q¯γµγ
5q
(3.5)
where the nomenclature was first adopted in [1].
Let us briefly point out, and we will come back to this in Sec.4, that the scalar and pseudo-
scalar models of Eqs. 3.3, 3.4 are not gauge invariant. This may lead to spurious results in
processes where a W/Z boson is emitted. Moreover, in the axial vector model perturbative
unitarity is violated in a large portion of parameter space. We will return to these issues in
section 4.
Consistently with the MFV hypothesis, we force the couplings to be diagonal: gijq = g
i
qδ
ij .
Moreover, we assume them to be flavour-blind in the (axial-)vector case and proportional to the
SM Yukawa in the (pseudo-)scalar ones:
gid = g
i
u ≡ gq , yijq ≡ y
mi
v
δij for i = 1, 2, 3 . (3.6)
In this way the spin-0 models have an enhanced coupling to the third generation’s quarks, which
makes the phenomenology quite different from the spin-1 models, both because of the different
production mechanism (gluon fusion with a top loop instead of qq¯ annihilation) and because of
the possibility of constraining such models with searches in b/t channels. As an example, Fig. 2
shows the Feynman diagrams involved in the calculation of the mono-jet cross section.
In addition to the parameters of the Lagrangian, in the calculation of scattering amplitudes
one must also include the decay width Γ of the mediator, which can be thought as a free parameter
that encodes the unknown decay probability to other particles belonging to the dark sector. In
this case, in the computation of the cross sections the couplings constants factor out and they
affect only the normalization of the cross section through their product gqgχ, while the spectra
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Figure 2: Feynman diagrams for the production of a DM pair in association with a quark or a gluon, leading
to a mono-jet signature. Additional diagrams obtained by exchanging a fermion and a anti-fermion, as well as
the ones obtained by permuting the gluon vertices in the loop in the (pseudo-)scalar case, are neglected. The
diagrams enclosed in the dashed box in the t-channel model are suppressed in the EFT limit.
6
depend only on the masses mmed,mχ. The problem with this approach is that, typically for large
values of mmed, the benchmark value of Γ becomes smaller than the sum of the partial widths
for decays into DM and quarks, which makes the choice unphysical [37]. To avoid the problem it
is usually assumed that the mediator can not decay into particles other than the SM ones and,
depending on its mass, the DM, and the width is computed accordingly as
Γ = Γχ +
∑
f
Γf + Γgg (3.7)
This is usually referred to as the “minimal width assumption”. Even if this choice eliminates one
parameter, its drawback is that now the cross sections depend non-trivially on the couplings:
σ ∝ g
2
χg
2
q
(s−m2med)2 +m2medΓ2
(3.8)
where Γ at the denominator depends on gχ, gq. Nevertheless, in most cases the dependence on
the couplings is less important than the one on the masses, and so it is a good choice to fix
the couplings and let the mass vary, thus presenting results as exclusion plots in the plane mχ
vs. mmed. Following the recommendations of the LHC Dark Matter Working Group, useful
benchmarks for the vector (V) and axial vector (A) models are [40,41]:
V :
{
gχ = 1, gq = 0.25, g` = 0
gχ = 1, gq = 0.1, g` = 0.01
A :
{
gχ = 1, gq = 0.25, g` = 0
gχ = 1, gq = 0.1, g` = 0.1
(3.9)
The exclusion lines that LHC draws have typically a simple structure. In MET+X searches
in which DM is pair produced from the mediator and recoils against a SM particle (a photon,
a hadronic jet or other) that is necessary to tag the event, the best sensitivity is obtained for
mmed > 2mχ, where DM can be produced on resonance and the cross section is consequently
enhanced. On the other hand, for mmed < 2mχ, the cross section is suppressed.
2 Finally, for
large mmed the EFT limit is recovered, but then again the constraining power is suppressed by
the large m4med. Monojet limits in this region extend up to around 1.5 − 2 TeV, depending on
the search, on the choice of vector or axial-vector mediator and to the values of the couplings
(see e.g. Figs. 3 and 4 of [42] for the dependence of the mmed limit on the values gq, gχ). This
give rise to a typical triangular shape in the exclusion plots sketched in Fig. 3 (see e.g. [43] for
a very recent example of such an exclusion plot in the mono-Z/W channel).
Sometimes, it proves very useful to show the constraints on s-channel simplified models in
the plane mmed − Λ for fixed mχ, where Λ = mmed/√gqgχ is defined as the contact interac-
tion scale. In this plane, the bounds have the typical shape shown in the right panel of Fig. 3.
For light mediator (Region I), DM production proceeds off-shell, and the cross section is sup-
pressed (compared to the corresponding EFT result) by (m4med/s
2), where
√
s can be estimated
as min(MET2,m2χ). In Region II, the mediator is produced on-shell, and the cross section is
enhanced. In this region the limit depends on the choice of the width Λ, as the cross section
scales as g2χg
2
q/(m
2
medΓ
2). Finally, in Region III the EFT limit is recovered.
Missing transverse energy searches are not the only handle that we have on simplified models.
Searches for the mediator, for example in the resonant di-jet channel, can lead to more stringent
bounds in mmed for the same value of the coupling to quarks gq.
Constraints on s-channel simplified models have been obtained by numerous groups, with a
particular attention to the case of a (axial-)vector mediator, due to the problematic nature of
2 In the mono-jet channel, for mmed . 2mχ, the LHC at 14 TeV with 300 fb−1 is sensitive to O(1) couplings
only for mχ . O(100 GeV), while for mχ ∼ 1 TeV it is sensitive only to couplings of order gχ · gq & 10 [25].
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Figure 3: Left: Sketch of the limits obtained from mono-X analysis in the mmed − mχ plane (left, adapted
from [32]) and in the mmed − Λ plane (right, adapted from [36]).
the (pseudo-)scalar models of Eq. 3.3, 3.4 (see the discussion in section 4). Mono-jet constraints
were discussed in [44–49]. A thorough comparison of mono-jet searches to dijet searches, direct
detection limits, dark matter overproduction in the early universe and constraints from pertur-
bative unitarity is performed in [42,50–53]. In [54,55] the problem of deriving limits for arbitrary
values of the coupling constants starting from the benchmark ones is addressed. The case for a
light DM (thus evading constraints from direct searches) is analysed in [22,56,57].
A very interesting phenomenology arises in the case where the couplings to third generation
quarks is larger than the couplings to the first two, as it is the case in the spin-0 models with
MFV introduced above. Strong constraints on these models come from searches for one or two
b-tagged jet + MET and tt¯ + MET (see [58] for an early proposal within the EFT framework
and [28, 47, 59–63] for a discussion in terms of simplified models). Summarizing, for light DM
(mχ = 1 GeV) current bounds obtained in the tt¯ + MET channel can exclude couplings g & 1 up
to mmed . 100 GeV [62,63], while this value can decrease to ≈ 0.5 at the end of the planned LHC
runs [61]. These values are similar in magnitude to the ones obtained by a mono-jet analysis
(see e.g. [60]), which are much weaker than in the (axial-)vector case due to the assumed
SM-Yukawa-like structure, which suppresses the coupling to light quarks. Still, LHC searches
can provide the most stringent limit in some region of parameter space, complementing those
coming from direct detection and from the relic abundance constraint, and proving once more
the importance of the complementarity of different probes [60].
3.2 t-channel mediators
Another interesting possibility is that of a coloured fermionic mediator with an interaction vertex
between quarks and the WIMP resulting in a t-channel exchange, as with squark in supersym-
metric models:
L = LSM +
∑
i
(
giLQ¯
i
LQ˜
i
L + g
i
uu¯
i
Ru˜
i
R + g
i
dd¯
i
Rd˜
i
R
)
χ+ mass terms + c.c. , (3.10)
where QiL, u
i
R, d
i
R are the usual SM quarks, Q˜
i
L, u˜
i
R, d˜
i
R correspond to the respective scalar media-
tor (the squarks), and i represents a flavour index. Unlike the usual case in supersymmetry, here
the WIMP χ can be taken to be either Dirac or Majorana fermion. This model is extensively
analysed in [64–71]. While in the model above the flavour index is carried by the mediators, it
could be the case that this index is assigned to the DM itself. This is the so-called “flavoured
DM” scenario [72,73]
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As it can be easily understood, also in the case of t-channel mediators the phenomenology
depends on the relative values of the couplings and of the masses involved. The minimal flavour
violation hypothesis forces the couplings gi and the masses of the scalars mi to be equal. This
assumption can be relaxed for the third generation. Particularly interesting is the case in which
the coupling to the third generation is enhanced, and strong constraints come from searches for
b, t quarks in the final state [25, 73–80]. A distinct phenomenology arises in the case of small
couplings, in which the relic density is obtained by a out-of-equilibrium freeze-out mechanism
and exotic collider signatures such as disappearing tracks and displaced vertices [79,80].
Two interesting features of this model are worth listing, that makes it qualitatively different
from its low energy EFT limit. Firstly, being the squarks coloured, gluons may be emitted not
only as initial state radiation but also from the mediator itself. This process is suppressed in the
EFT limit by two powers of Mmed, and this make a large qualitative difference in the kinematic
distribution within the simplified model and the corresponding operator. Secondly, when the
mediator is light enough, its pair production becomes kinematically accessible, and an event like
p p→ q˜ q˜ → qχ qχ leads to a di-jet + MET signature (or in general jets + MET, when additional
jet radiation is taken into account). Interestingly, this signature with two high-pT jets leads to
constraints stronger then the mono-jet one on a large portion of parameter space, except for the
compressed region |mmed −mχ|  mmed [69].
An interesting phenomenology arises in the case in which the t-channel mediators couple DM
to both quarks and leptons, as in [81,82]. Radiative corrections in this model strongly alter the
spectrum of the Drell-Yan process qq¯ → `+`−. With this signal, one can probe “compressed
regions” that are difficult to probe in direct searches for mediators like jets + MET searches.
Moreover, these features can be used to to make qualitative statements about dark matter’s
self-conjugation, mass, spin, and chirality of interactions.
3.3 Other models
In addition to the models listed above, many interesting ones may be constructed that cannot be
addressed here. Those include spin-2 mediators [83], t-channel fermionic mediators, fermiophobic
scalar mediators [84], gluphylic mediator models [85–87], models with SM portals (Higgs or
Z) [88], models of scalar DM [89], vector DM [90, 91], Higgs portal models with DM of diverse
spin number [92–94] and others. A recent and comprehensive review is given in [30]. Interesting
cosmological features of a model in which DM couples predominantly to the top quark are
explored in [95]. In this case, it is possible to obtain the correct abundance with annihilations
of DM particles to heavier states, at the tail of the velocity distribution.
4 Less simplified models
4.1 A critical look
The simplified models that we discussed so far can be viewed as an improvement of effective
operators, where the effective scale Λ4 is replaced by a propagator’s denominator (p2 −M2)2 +
Γ2M2 in order to avoid energy limitations and exploit resonant enhancement in the production
cross section. This is one step above in a bottom-up approach. Nevertheless, the models described
above suffer from other limitations, and are not fully self consistent, as we are going to illustrate
in a moment.
The reason why the theoretical consistency of the simplified models is important is twofold.
On the one hand, violation of perturbative unitarity can lead to spuriously large predictions (e.g.
in the process of W emission), leading to artificially strong bounds on the parameter space of the
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model. On the other hand, thinking of a full UV completion from which simplified models may
descend, theoretical consistency is a necessary requirement at the level of the full theory. One
could argue that this may not be the case for the simplified model, since other fields belonging
to the full theory may restore the desired consistency. While this is generically true, these
additional fields may add interesting ingredients to the phenomenology of the model, as they
may produce new final states at the LHC and modify the annihilation cross section that enters
the relic abundance calculation and the Indirect Detection fluxes, and their inclusion is therefore
mandatory.
4.1.1 Gauge non-invariance of the the (pseudo-)scalar model
The scalar and pseudo-scalar models of Eqs. 3.3, 3.4 are manifestly not gauge invariant. The
problem comes with the Yukawas of the scalar mediator: assuming the DM is a singlet under the
SM group, the invariance of the term Sχ¯χ forces S to be a singlet as well, while for the Yukawas
with the SM quarks Sq¯q and P q¯γ5q the mediator should transform as a doublet. Clearly such a
model can exist only as a consequence of EW symmetry breaking, and the DM-SM interaction has
to be suppressed at low energy by some power of vEW/mmed [96,97]. Clearly, a UV completion
of the model is necessary.
As we will detail below, this issue can be fixed if the mediator is assumed to couple at tree
level only to the DM and to the Higgs through the gauge invariant portal terms S|H|2, S2|H|2,
etc. that gives rise to a non zero mixing angle after EW symmetry breaking [97–100]. This
construction can be replicated for a pseudo-scalar, with the advantage of avoiding strong Direct
Detection bounds, but at the price of introducing a new source of CP violation [101–103].
In [97], the model of Eq. 3.3 in compared to three possible consistent variations of it: first,
the one in which the coupling of the scalar mediator to SM quarks is suppressed by vEW/mmed;
second, the model in which the mediator is replaced by the Higgs itself and the coupling to
the DM particle is suppressed by the same factor; finally, the Higgs portal model including the
S−h mixing mentioned above. Naively, one could thing that the S-mediator and the h mediator
models can provide good approximations of the Higgs portal model. This is true only for large
S mass (mS & 1 TeV for mχ = 50 GeV, or mS & 5 TeV for mχ = 400 GeV), in which case
the Higgs portal resembles the model with the Higgs as a mediator, because the heavy scalar S
can be integrated out. On the other hand, for lower masses the behaviour of the Higgs portal
model descends from the interplay of the two mediating particles h and S, and the limits can
be both stronger or weaker than the ones obtained in the two single-mediator models. In the
case mχ > mh/2, where the mixing angle is not constrained by the Higgs-to-invisibles branching
ratio, the DM production cross section is dominated by S exchange, and in the heavy S limit a
bound M? & 20 GeV can be imposed, where
1
M3?
≈ λ sinα cosα
vHm2h
, (4.1)
α being the mixing angle and λ the coupling of the scalar S to the DM particle [97].
A model of this kind naturally replicates the SM Yukawa-like structure of Eqs. 3.3, 3.4,
and displays promising experimental signatures (mono-jet, heavy quarks, mono-V, see [32] and
references therein). Nevertheless, the mixing angle  is strongly constrained by Higgs physics
measurements (in particular the decay rate into invisible particles and the Higgs signal strength,
that are respectively enhanced and reduced by a non zero mixing angle), and it does not add
anything new to the LHC models’ toolbox. An interesting option is to extend it to a two-Higgs
doublets model (2HDM) with the addition of a singlet scalar, evading all such constraints [100,
104].
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4.1.2 Gauge non-invariance and violation of perturbative unitarity
The vector and axial-vector simplified models of Eqs. 3.1, 3.2 are not in general invariant under
the full SM gauge group SU(3)c × SU(2)L × U(1)Y but only under the unbroken subgroup
SU(3)c × U(1)e.m.. In particular, if the couplings to up and down quarks are different the
mediator does not couple to the left handed quark doublet but to its two components separately,
thus breaking gauge invariance. Similarly, the t-channel model of Eq. 3.10 is not gauge invariant
unless the scalar mediator Q˜iL is charged and transforms as (2,−1/2) under SU(2)L × U(1)Y .
Violation of the electroweak gauge symmetry can lead to spuriously enhanced cross section for
DM production with the initial state radiation of a W boson [96,105]. This problem does not only
affect the mono-W searches: the W can indeed decay hadronically, enhancing the signal in the
mono-jet search. For example, in the case of a vector mediator with opposite sign couplings to
up and down quarks, this process dominates the mono-jet cross section for /ET > 400 GeV [106].
Similar issues should be present when considering Z or γ emission. In passing, this example shows
that constraints descending from the internal consistency of the model can not be neglected even
when restricting to a particular MET search such as the mono-jet one, that at first sight looks
safe. Referring to the case of a vector mediator, different couplings of the up and down quarks
can be made compatible with perturbative unitarity if an appropriate vertex WWZ ′ is added
(where Z ′ is the new vector mediator), in similarity to what happens for the Z boson in the
SM. In the t-channel model, instead, perturbative unitarity is restored if W emission from the
charged mediator’s line is included in the calculation.
4.1.3 Violation of perturbative unitarity with a s-channel axial-vector mediator
In the axial vector model 3.2 the coupling to the longitudinal mode of the mediator is enhanced
for heavy fermions by the ratio mf/mA. In particular, considering the elastic scattering of
fermions (both SM fermions or DM) the perturbative unitarity bound on this model reads mf .
mZ′/(
√
2gAf ) [107], where f may stand for both a SM fermion or the DM particle. Even if such a
bound is satisfied, perturbative unitarity is still violated in the process of 2 fermions annihilation
into Z ′Z ′, which is important for the calculation of the relic density and for indirect detection.
In order to restore unitarity some additional ingredient has to be invoked. In particular, what
violates unitarity is the longitudinal mode of the Z ′ boson, therefore the addition to the model
of a scalar particle, invariant under the SM gauge group, that give rise to its mass via Higgs
mechanism serves the purpose. In this case, the condition on the mass of the Z ′ would be [107]
√
pi
mZ′
gADM
≥ max[ms,
√
2mDM] , (4.2)
where ms is the mass of the new scalar. At this point, it is clear that such an issue is not
present in the vector model, because the mass of the mediator in that case can be obtained via a
Stueckelberg mechanism without the need of additional particles (see [108] for further discussion).
4.1.4 Invariance of the SM Yukawas
Again referring to the axial-vector model of Eq. 3.2, if this is thought as a gauge extension of
the SM, then the SM fermions must be charged under the new gauge symmetry (we restrict
for simplicity to a U(1)′ theory, often referred to as a “Z ′ model”). Therefore, the Yukawa
terms HQ¯LdR are gauge invariant only if the Higgs is charged as well, with qH = qqL − quR =
qdR − qqL = qeR − q`L (which is zero only if the SM fermions are vector-like under the new
symmetry, as in the B − L case) [107]. From this relation one sees that leptons have to be
charged in this model, thus resulting in strong constraints from di-lepton searches. Another
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important consequence is that, after electroweak-symmetry breaking, the SM Z and the Z ′ have
a non zero mixing angle, and a tree level hZZ ′ vertex appears, with important phenomenological
consequences and a complicate interplay between the two effects [109,110].
4.1.5 Cancellation of gauge anomalies
If the interaction of DM with SM fermions is due to an extended gauge symmetry, in order
for the theory to be consistent at the quantum level the charge assignment under the new
gauge group cannot be generic. If all the fermions of the dark sector are uncharged under
SU(3)c × SU(2)L × U(1)Y , then the SM ones must have charges chosen in such a way to cancel
the mixed anomalies of the dark gauge group with the SM. It can be shown that for a U(1)′ theory
this forces the charges to be a linear combination of the SM hypercharge Y and of B − L [111].
This implies that the mediator must couple to leptons, leading to tight constraints from resonance
searches in the dilepton channel (see e.g. [109]).
Alternatively, additional heavy fermions, charged under the SM, may be added to the model.
The mass of these fermions cannot be arbitrarily large: in order to cancel the anomalies, they
must be chiral at least under the dark gauge group, and their mass is given by the vev of the
dark Higgs. Fortunately, imposing the invariance of the SM Yukawa terms as discussed above
in Sec. 4.1.4, it turns out that the gluon-gluon-Z ′ anomaly automatically cancels, and the new
states need not to be coloured, reducing their impact on LHC searches [107]. On the other hand,
they will enter the calculation of loop induced processes such as two photons decays, that are
not calculable in an anomalous theory, and are relevant for indirect searches [109,112].3
4.2 The U(1)′ model
This model is one of the simplest possible extensions of the SM, in which the gauge group is
enlarged by an additional U(1)′, spontaneously broken by the vev of a scalar field s, singlet
under the SM, that gives mass to the dark gauge boson Z ′. As mentioned above, interesting
features come from this construction. First, the invariance of the SM Yukawas force the Higgs
to be charged under U(1)′ whenever the charges of the left- and right-handed SM fermions differ
from one another. Second, and consequently, the Higgs kinetic term includes interactions with
the Z ′ boson, that induce after EW symmetry breaking a ZZ ′h that may have an impact on
indirect detection [109]. Moreover, the dark Higgs s enriches the phenomenology, both at the
LHC and in the calculation of annihilation rates. Finally, in consistent models that implement
gauge anomaly cancellation the SM leptons must typically be charged and couple to the Z ′,
which is therefore constrained by resonant dilepton searches.4 This constraint may be evaded if
the Z ′ is lighter than the SM Z, thus escaping resonant searches [119].
A number of studies have addressed DM Z ′ models with respect to LHC, direct and indirect
searches, as well as its cosmological implications [52,120–125]. If DM is a Dirac fermion, its non-
relativistic scattering off nuclei is spin-independent, and direct detection constrain the DM mass
to be larger than∼ 1 TeV [124]. Such a strong constraint is lifted if the DM is a Majorana fermion,
since the vector bilinear χ¯γµχ vanishes exactly and only the axial-vector one is left. In models in
which the mediator couples to leptons with a coupling similar in magnitude to the one to quarks
(as required by anomaly cancellation) resonant dilepton searches forces the Z ′ to be heavier
3Anomalous models can be studied within a specific EFT framework, in which the required additional heavy
fermions are integrated out, resulting in a set of effective Chern-Simons terms that must be added to the the-
ory [113].
4The coupling to leptons can be avoided by adding new fermions with non trivial transformations under the
SM gauge group such that all anomalies cancel [114], or in models where the DM carries a non-zero baryon
number [115–118].
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than ∼ 3 − 4 TeV, depending on the couplings and on the structure of fermionic charges [126].
Dijet searches can exclude mZ′ . 2.5 TeV for a coupling gq ≈ 0.25, see [127]. Monojet searches
are typically weaker than the dijet ones, reaching mZ′ . 1.5 TeV for gq = 0.25, gχ = 1 and for
mχ < mZ′/2 [128].
The dark Higgs becomes relevant when the annihilation rate is concerned. Indeed, the sZ ′
annihilation channel proceeds in s-wave and, therefore, it dominates the cross section for in-
direct detection and for the relic abundance calculation [129], together with the ss, Z ′Z ′ and
Zh channels [129, 130]. In particular, the additional channels and operators increase the DM
annihilation rate, thus reducing the relic abundance and alleviating constraints from DM over-
production in the early universe. Moreover, mono-dark-Higgs signals can be looked for at the
LHC, with the typical signature being DM produced in association with a scalar resonance s
decaying to a highly boosted bb¯ pair [130]. In this case, the expected LHC sensitivity extends up
to mZ′ . 3.5 TeV, mχ . 600 GeV for ms = 50 GeV, or higher for heavier s. In general, such a
model can be viewed as a model with two mediators, that in some limit may reduce to a spin-1
or to a spin-0 mediator [52].
4.3 Two Higgs doublets (plus one singlet) models and DM
Models in which the (pseudo-)scalar mediator that couples to DM obtains its coupling to SM
quarks from mixing with a second Higgs doublet have received a significant attention recently.
With respect to the scenario in which the singlet mixes directly with the SM Higgs discussed
in Sec. 4.1.1, in this model the Higgs branching ratios and signal strength are not modified.
Moreover, both a scalar and a pseudoscalar mediator can be accomodated without adding new
sources of CP violation. Indeed, in the presence of a second doublet, there are 8 spin-0 fields,
three of which get ‘eaten’ by the Z,W± after symmetry breaking, thus leaving one charged
scalar field, two neutral ones and one neutral pseudoscalar, which the dark mediator can mix
with. The pseudoscalar case is particularly interesting in view of the fact that its low energy
effective vertex q¯iγ5qχ¯iγ5χ leads to the both spin- and momentum-suppressed non relativistic
interaction (~sχ · ~q)(~sN · ~q) [131,132], on which constrains from Direct Detection are poor.
A thorough discussion of 2HDM (not related to DM) is given in [133]. The model of interest
here, where the 2HDM is complemented with an additional pseudo-scalar mediator and with a
DM fermion, is described in details in [134]. In general, the model counts many free parameters,
many of which can be fixed by requiring that Higgs and precision EW tests are not spoiled, and
by the requirement of the stability of the scalar potential. In particular, one of the two Higgs
states is assumed to have SM-like couplings, while the second doublet couples to SM vectors
only at loop level: this is the so-called alignment/decoupling limit. Moreover, the neutral scalar,
pseudoscalar, and the charged components of the second Higgs doublet are assumed to have the
same mass. A typical choice is then to fix the DM Yukawa coupling to 1, and the DM mass to a
benchmark value of 10 GeV. The model then consists of 4 free parameters, which are typically
chosen to be the mass of the pseudoscalars ma,mA, the ratio of the VEVs tanβ = v1/v2 and
the a−A mixing angle θ.
In the context of DM, many search channels have been used to constrain this class of models.
In particular, searches for mono-jet/γ/Z/W/H, non-resonant dijets, single top as well as tt¯, bb¯,
bb¯Z, all in association with missing transverse energy, have been explored [61,100,103,104,134–
141]. As usual, constraints come also from visible channels (i.e. where no invisible DM particle
is produced), as well as indirect detection and cosmology. Finally, all the usual concerns about
2HDM coming from flavour physics, EW precision tests, invisible Higgs decays, vacuum stability
and perturbative unitarity apply too.
The Higgs’ width to invisibles constrains ma & 100 GeV, while flavour constraints forces
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tanβ & 1. The most powerful searches are then the mono-Z and the mono-H ones, that can
exclude tanβ up to 2 for values of ma up to 200− 350 GeV, depending on the values of mA and
sin θ. For further details we refer the reader to [134].
Interestingly, since in such a model the coupling of DM to the heavy quarks is naturally
enhanced, the Galactic Centre excess could be explained by a model which is testable at the
LHC [138,142].
Let us just mention another related possibility, which is the one of a second inert Higgs
doublet, which does not couple to SM fermions except for its mixing with the Higgs. The
lightest component of this doublet is a perfect candidate for scalar DM [143].
5 Conclusions
The question of which DM models should be adopted in defining new search strategies and in
presenting experimental results is a pressing one, primarily for LHC searches. Simplified DM
models are a possible answer to this question, living in between the effective operators approach
(with a limited applicability at the LHC) and the realm of well motivated BSM theories.
From a bottom-up viewpoint, the idea of simplified models is to expand the effective opera-
tors including mediator particles in the description, thus avoiding the energy limitations of the
EFT approach and adding a richer phenomenology, new search channels, etc. In a top-down
framework, instead, simplified models can be seen as a way to simplify the phenomenology of
complex new physics models in such a way to restrict to the phenomena related to DM.
In order not to deal with unphysical results, the vanilla simplified models have to be supplied
with additional constraints, couplings and states, in a kind of second order improvement. The
typical consequence is that the strongest LHC constraints on the dark sector come from many
possible observables other than DM production processes (as the mono-X searches) and di-jet
searches (e.g. di-lepton resonances, mixing with Z boson and electroweak precision tests, Higgs
width to invisibles, perturbative unitarity and so on). This comes with no surprise, since the
high energy reach of the LHC consents to explore a large variety of phenomena above the weak
scale, without restricting to the lightest stable state of this new physics sector. This is quite the
opposite with respect to what happens with direct and indirect searches, which are intrinsically
limited to constrain the properties of the DM particle.
Theoretically consistent simplified models tend to loose part of their generality, and to mimic
richer BSM theories. For example, models containing a vector mediator and a dark Higgs may
descend from gauged U(1)′ constructions, while models featuring two Higgs doublets and a
(pseudo-)scalar singlet resemble the Higgs sector of the NMSSM.
Simplified models cannot (or only partially) be viewed as an exhaustive toolbox to constrain
all possible WIMP scenarios at once. For this reason, it is of extreme importance that the LHC
collaborations publish their results on simple, search-specific, models in such a way that they
are recastable for any other model (as it is for cut-and-count analyses). In turn, theoreticians
should keep working in close contact with experimentalists in order to maximise the utility of
the simplified models tool-kit. Finally, the use of (truncated) EFT should not be disregarded,
since this is the most model independent approach and it is economical from the point of view
of the reduced dimensionality of its parameter space.
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